The objective of this study was to determine the influence of solute properties and operational parameters on disinfection by-product (DBP) rejection by reverse osmosis (RO) and nanofiltration (NF) membranes. This was achieved by assessing the removal efficiency for 29 DBPs likely to be formed during disinfection of secondary effluents. The DBPs investigated were trihalomethanes, iodinated-trihalomethanes, haloacetonitriles, chloral hydrate, haloketones, halonitromethanes and haloacetamides.
Introduction
With increased water demand and decreased availability of traditional water sources, pressure driven membrane processes such as nanofiltration (NF) and reverse osmosis (RO) have become an important alternative water treatment technology to augment water supplies with water produced from alternative sources [1] . In particular, integrated membrane systems using low pressure membranes such as ultra/micro filtration followed by RO/NF membranes have developed to an industrial standard for potable reuse applications [2] , due to their high treatment efficiency for the removal of salts, metals, endocrine disrupting compounds, pharmaceuticals, personal care products and other emerging contaminants [3] . However, a major limitation for RO/NF membrane performance is membrane fouling. Four types of fouling can occur including inorganic (scaling), particulate, organic and biological. It has been shown that fouling has adverse effects on membrane operation such as an increase in pressure drop, decrease in salt rejection and flux decline [4] . To specifically limit biofouling, the water is generally disinfected with chemical agents, such as chlorine or chloramines [4, 5] .
However, as an unintentional consequence of this treatment, disinfection by-products (DBPs) are formed by the reaction between organic and inorganic matter and disinfectants. DBPs in drinking water have been found to pose potential public health risks [6, 7] through routes of ingestion, inhalation and dermal adsorption. Therefore, the control of those compounds in water treatment systems for direct or indirect potable reuse applications is regulated in many countries. In addition to trihalomethanes (THMs) and haloacetic acids (HAAs), other emerging DBPs including haloacetonitriles (HANs), haloketones (HKs) and halonitromethanes (HNMs) have been detected after chlorination and chloramination of surface waters [6] and secondary effluents [8, 9] .
The removal of trace organic contaminants by RO and NF membranes has been studied quite extensively, with studies assessing the impact of molecular properties [10, 11] and membrane operations, such as feed pressure, transmembrane flux, crossflow velocity, ionic strength and pH [12] [13] [14] [15] [16] [17] [18] . Research on small organic solutes in general and DBPs in particular however is very limited with only a small number of studies looking at either THMs, HAAs, HANs or Nnitrosamines [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Rejection of N-nitrosodimethylamine (NDMA) by RO membranes has been reported to be between 10 and 40% [27, 28] whereas rejections of above 50% have been found for HANs [23, 26] . On the other hand, removal efficiencies of HAAs have been reported above 90% [20, 24] and THM rejections have generally been reported above 60% [22, 25] . Among these different published studies, operational factors and solute properties 6 have only been reported for N-nitrosamines in the studies by Fujioka et al. [18] and SteinleDarling et al. [28] . These authors observed that an increase in pH and ionic strength led to a minor impact only on the smaller N-nitrosamines, while increasing temperature caused a significant drop in rejection for all the N-nitrosamines studied [18] . It was concluded that Nnitrosamine removal is mainly governed by size exclusion [18] .
Due to their physico-chemical properties, DBPs may not be removed very well by membranes. In fact, previous work showed that trace organic solutes can adsorb on the membrane and diffuse through the membrane matrix to reach the permeate side [10] . Other mechanisms besides adsorption, including size exclusion and electrostatic repulsion, have been identified [11, 12] . Those rejection mechanisms are not only governed by solute and membrane properties but also by operational conditions and feed water quality [13] . For a deeper understanding of the DBP rejection mechanisms it is important to identify the factors controlling the permeation process that may change during full-scale application. For instance, the feed solution temperature can change due to seasonal variation and increase up to 30˚C in summer in Australia while in Asia and Africa it might be even higher [29] . Across the pressure vessels in full scale installations, the crossflow velocity decreases and the ionic strength increases. In fact, ionic strength has been found to influence organic solute rejection by NF [12, 30] . Additionally, the pH of the feed water is generally adjusted in the range of pH 6 to 8 prior to filtration [31] . On the other hand, DBP concentrations were found to be relatively stable during HQRW production [32] and a change in THM concentration from 20 to 200 µg/L influenced rejection by less than approximately 15% by two NF membranes at 10 bar [33] .
In the context of using reclaimed water to overcome present and future challenges to water supply provision in arid areas DBPs are an important class of organic compounds. Complying with DBP regulations is already among the most challenging water quality requirements for recycled water providers using treatment trains based on reverse osmosis [34] . This is due to the necessity of applying disinfectants for biofouling control of reverse osmosis membranes and the abundance of DBP precursors in secondary effluent. In particular, precursors of nitrogen containing DBPs, which are of higher health concern than their carbon based analogues, are abundant in secondary effluent [9] . As described above, the required continuous disinfection results in the formation of a variety of different DBPs with a wide range of intrinsic properties during the disinfection of the secondary effluents upstream of RO filtration [8] . THMs, CH, dichloro-and trichloroacetamide were purchased from Sigma-Aldrich (Castle Hill, Australia), as a mix prepared in methanol at 5000 µg/mL for each substance. HANs and HKs were purchased as an EPA 551B Halogenated Volatiles Mix at 2000 µg/mL each in acetone (Sigma-Aldrich). HNMs, I-THMs and the remaining HAcAm standards were purchased at between 90 and 95% purity from Orchid Cellmark (New Westminster, BC, Canada). The 6 I-THMs were prepared at 1500 µg/mL in methanol while the 10 HAcAms mix and TBNM were each prepared in methyl tertiary butyl ether (MtBE) at 5000 µg/mL.
1,2-dibromopropane (97% Sigma-Aldrich) was used as internal standard. Analytical grade 99.9% Chromasolv MtBE was purchased from Sigma-Aldrich and used, in addition to solution preparation, as extraction solvent. Anhydrous sodium sulphate (10-60 mesh) was purchased from Mallinckrodt chemicals (Phillipsburg, USA). For pH adjustment, hydrochloric acid and sodium hydroxide were used. Univar® analytical reagents NaCl and KH 2 PO 4 were purchased from Ajax Finechem Pty Ltd. All aqueous solutions were prepared in Milli-Q water.
DBP Analysis
Permeate samples were collected in 60mL glass vials sealed with a cap containing a Teflonlined septa and kept on ice for the duration of the sampling (i.e., 15 minutes for baseline conditions and up to 45 minutes for the lowest flux experiments). In order to minimize volatilisation during the extended sample collection, the septum was pierced with an 0. 
Filtration tests

Membranes
One RO (ESPA2, Hydranautics, Oceanside, CA, USA) and one NF (NF90, Dow Filmtec, Minneapolis, MN, USA) membrane were used in this study. The ESPA2 is a low pressure RO membrane commonly used in water reuse applications [36] while the NF90 is a tight NF membrane used in softening and brackish water treatment applications [37] . The membrane coupons used for the filtration experimentts were cut from unused 4 inch modules in both cases. The active surface layer of both membranes is made of a polyamide thin film composite. Inherent characteristics of both membranes can be found in the Supporting Information (SI) ( immersed in a temperature controlled bath (Lauda Alpha, Lauda-Königshofen, Germany). To avoid photodegradation losses of the I-THMs, the feed reservoir was protected from light.
Experimental protocols
Prior to each experiment the selected membrane coupon was rinsed thoroughly with Milli-Q water. To ensure a stable permeate flux, the membrane coupon was compacted overnight at 11 bar using Milli-Q water. When measuring the pure water permeability, the transmembrane pressure was reduced to 3.5 bar and 1.5 bar after compaction for the ESPA2 and NF90, respectively, to reach a flux of about 18 L/m 2 h. Salt rejection was determined using a 1,500 mg/L NaCl solution at 7.5 bar for the ESPA2 and a 2,000 mg/L Mg 2 SO 4 at 4.8 bar for the NF90. Membrane coupons were used in the DBP study after achieving a minimum salt rejection of 98.5% for the ESPA2 and 97% for the NF90. After rinsing the system thoroughly, the Milli-Q water was replaced with 14 L of background electrolyte solution consisting of 7 mM NaCl and 1 mM KH 2 PO 4 . The latter was chosen to be able to maintain a pH at 6.8 over a minimum duration of 2 weeks while the former was used to obtain a conductivity of around 900 µS/cm which is typical for a secondary effluent [38] . Unless otherwise stated, the temperature was kept constant at 23.5±0.5˚C, pH was 6. [39, 40] . All predictors were standardized prior to the regression procedure to remove dependence on units of measurements making them more directly comparable so as to provide a better insight into the importance of the individual predictors in the model.
Results and Discussion
Preliminary experiments
Preliminary experiments investigated the losses of DBPs in the experimental set up due to would be carried out after a minimum of 6 days of equilibration time. Figure 2 shows DBP rejection by the RO and the NF membrane after reaching steady state at baseline conditions. DBP rejection by RO and NF membranes varied widely from 0 to almost 100% although the rejection for all DBPs was considerably higher for RO than NF. NF membranes are developed with a larger pore size than RO membranes to perform with a higher water permeability which results in reduced rejection characteristics for smaller, less charged ions (e.g. NaCl) compared to RO membranes [41] . Therefore, NF membranes are believed to be 'looser' and their larger pore size is likely to contribute to the higher water permeability. However, pores in the active surface layer of RO and NF membranes should be imagined rather as material-free void spaces in the dense polymer layer, representing tortuous paths for the solute and solvent to pass through [42] . Consequently, the overall lower DBP rejection by NF appears to be related to size exclusion as well as solute-membrane-affinity.
DBP rejection by RO and NF membranes 3.2.1 Reverse osmosis versus nanofiltration
Solutes with a high affinity for the membrane material can adsorb onto and partition into the membrane matrix more easily, facilitating diffusion through the membrane matrix [10, 43] .
The partitioning can take place via hydrophobic interaction or the formation of H-bonds.
Hence, solutes which are hydrophobic and/or possess H-bonding moieties might be less rejected by high pressure membranes. HAcAms for example possess two H-bonding donor as well as acceptor sites, which can form H-bonds with the membrane polymer and subsequently facilitate their diffusion to the permeate side. The membrane polymers are made of polyamide which is polarized due to the amine and oxygen in the structure. The extra Hbonding capacity and resulting higher dipole moment may lead to the lower solute rejection through both membranes compared to DBPs with similar molecular size such as CH, HKs, and HNMs.
The smallest DBPs in the suite studied were the THMs and DHANs. Molecular volumes were calculated based on the van der Waals volume of the conformer (ACD/PhysChem Suite). Less than 20% of the DHANs, which have similar molecular volumes to THMs, were rejected by the NF membrane, whereas the THMs, DCIM, BCIM, and DBIM passed completely. THMs and I-THMs are hydrophobic and so, as previously discussed, hydrophobic adsorption may be facilitating the passage of these specific DBPs. The membrane polymer contains both hydrophobic and polar sites for the DBPs to interact with.
The large pore size of the NF membrane offers a facilitated entry into the pore and the internal surface area allows DBP adsorption and subsequent easier diffusion to the permeate side. For comparison, the adsorption of hydrophobic hormones has also been found to increase with increasing pore size [44] . As the active surface layer of the RO membrane is also made of polyamide, similar DBP-membrane interaction may occur. Therefore, in addition to size exclusion, adsorption by hydrophobic interaction or H-bonding may also negatively influence DBP rejection by RO. Table 1 . 
Multiple linear regression
As indicated by the different DBP behaviours on the membranes, size exclusion and solutemembrane interaction may play an important role in explaining the rejection processes. The mechanisms can be influenced by intrinsic DBP properties. Hence, for understanding which of the various DBP properties most influence the rejection, MLR was performed. Sorption potential was indicated by a solute's solubility in water and its log K ow . Polar surface area, Hbond acceptor sites, H-bond donor sites, polarizability, and dipole moment were chosen to account for polarity and the capacity of the DBP to participate in H-bonding. For the RO membrane, molecular weight (MW), molecular volume (MV), polar surface area (PSA), and dipole moment (DM) were the predictors found to be significant at the 95% confidence interval (p<0.05 at n=29) with an adjusted R 2 value of 0.938 and F ratio of 99 of the model.
No multicollinearities were observed between the predictors. The summary of the regression for each of the 4 predictors is shown in 
The predictor coefficients in the equation indicate the individual contribution of each predictor to the model. As the size exclusion mechanism directly links to molecular size, a solute with higher molecular volume would lead to its increased rejection. This trend is represented by the positive relationship of MV in equation (1) which affects DBP rejection the most and appears to be a well suited geometric parameter for rejection description.
Although MW has previously been correlated with organic solute rejection [11, 31] , MV may in fact be a better surrogate for molecular size since heavy bromine and/or iodine atoms in many DBPs have more of an impact on density than volume explaining the negative coefficient for MW. This is also clearly evidenced by the macroscopic properties of the 
The pore size of the NF90 has been estimated in different studies to be in the range of 0.34 -0.38 nm [10, 45, 46] . Since all the DBPs are smaller than or in the range of the membrane pore size (Table 1) , size exclusion is likely to be a dominant mechanism and this is indicated in equation (2).
Impact of operational parameters on the rejection of DBPs
Although the rejection of THMs, I-THMs, DHANs, CH, HKs and HAcAms was measured as a function of operational parameters for both membranes, the behaviour of BCAN, show only little variation in rejection on the NF membrane over the flux range studied. Figure 4 shows DBP rejection by the RO and NF membrane as a function of crossflow
Crossflow velocity
velocity. An increase in crossflow velocity of the feed solution leads to a greater mixing at the membrane surface and decreased concentration polarisation [49] should, therefore, result in increased DBP rejection. Changes from 0.04 to 0.16 m/s across the RO membrane resulted in an 8-11% increase in rejection for DHANs and 5% for DCAcAm, which is greater than the experimental error for these smaller molecules. As stated above, this can be explained by increased cross flow velocity reducing concentration polarization at the membrane-bulk solution interface [50] . The increase in crossflow velocity can decrease the thickness of the concentration polarisation layer contrary to what is induced by a pressure increase. This change in concentration polarisation layer thickness contributes to the rejection increase observed experimentally. On the other hand, larger DBPs (HKs, HNMs, CH, and the remaining HAcAms) and those which tend to interact with the membrane polymer (THMs and I-THMs) were not affected by changes in cross flow velocity. The adsorption of THMs and I-THMs into the RO membrane material will cause their concentration to be higher on the membrane surface than in the polarization layer. Subsequently, they will not be affected by changes in the concentration polarisation layer induced by increased turbulence with increasing crossflow velocity. Changes in crossflow velocity did not influence the rejection of DBPs by the NF membrane. Figure 5a shows DBP rejection as a function of temperature where a temperature increase between 23˚C and 35˚C led to a decrease of the rejection of BCAN by the RO membrane from 47 to 26% and for TIM from 88% to 70%. Besides membrane permeability increased with increasing temperature and salt rejection decreased 0.5% for RO and 2.5% for NF across the temperature range ( Figure SI-13 ).
Temperature
These observations are in accordance with previous studies which also observed an increased neutral solute passage and permeability with increased temperature at constant flux [51, 52] .
The decreased rejections may be a result of the thermal expansion of the active membrane surface layer. Previous research reported polymer relaxation at elevated temperatures which subsequently reduced the filtration hindrance of neutral solutes [53, 54] . The contribution of increasing pore size is supported by the increase of permeability when correcting for viscosity ( Figure SI-13 ). In Figure 5b the impact of a temperature increase from 23˚C to 35˚C is scaled and related to the molecular volume. The results suggest that the impact becomes greater with smaller molecular volume because an expanding effective pore size can better facilitate the entry of small molecules into the membrane matrix. In addition to the increased pore size, an increase in diffusion rate into the membrane matrix caused by the decrease in viscosity of the water-DBP solution may contribute to the lower DBP rejection. Moreover, high temperatures were found to increase partitioning [55] which could be the reason why the I-THMs are impacted more by a change in temperature compared to other DBPs of similar size (Figure 5b ).
pH
The active polyamide membrane surface layer contains amine, hydroxyl and carboxylic functional groups which may affect the solute rejection mechanism upon changes in the solution pH. It has been reported that in the range of acidic to basic pH values, changes in the membrane structure can occur. This structural change is attributed to stronger electrostatic interactions between the dissociated functional groups leading to a pore shrinkage at high pH [46] . Contrary to pore shrinkage, an increase in pore size with increasing pH was proposed in literature [56] . In this current study, the permeability of the NF membrane decreased gradually from pH 4.5 through 5.5 and from 7 to 8.5 by 0.3 L/m 2 hbar whereas it did not change at all with the RO membrane ( Figure SI-14) . Due to the greater pore size of the NF as compared to the RO membrane, the salt rejection by NF membranes can be dependent on Table 1. both size exclusion and Donnan exclusion [57] . Hence, the impact of pH on salt rejection may be more pronounced for the NF membrane, since Donnan exclusion becomes more important as the membrane surface charge becomes increasingly negative with increasing pH.
Since size exclusion is the dominant mechanism of rejection for the RO membrane, the effect of pH on rejection is small. BCAN with a molecular volume of 77 Å 3 is among the smallest DBPs tested and its rejection could, therefore, be affected by minor changes in the void spaces in the RO membrane matrix. However, the observed changes were not significant enough to draw a firm conclusion (see Figure 6 ). On the other hand, increased rejection of HAcAms with increasing pH was seen with the NF membrane; 16% for DCAcAm, 12% for BCAcAm, 10% for by adsorption, which is not affected by minor changes in either surface charge or pore size of the membranes. Moreover, the feed concentration of the THMs and I-THMs did not vary greater than the analytical error. Therefore, further adsorption or desorption of the THMs and I-THMs due to a change of the equilibrium reached during 6 days of recirculation is not expected to influence rejection.
Ionic strength
Solution ionic strength can affect the properties of both membrane and DBPs. An increased ion concentration may partially increase the screening of the membrane charge (i.e. to some degree, counter-ions in solution may screen the polar functional groups) associated with polar DBPs reducing their hydrodynamic radius and leading to a smaller apparent solute size [58] .
Additionally, it was previously reported that an increase in ionic strength may lead to an increase in mean pore size [59] . However, the rejection of all DBPs during RO and NF filtration was not affected when the ionic strength in the feed was increased from 7 mM to 70 mM NaCl. The only exception was the group of HAcAms during NF filtration which showed an increased rejection with increasing ionic strength ( Figure 7 ).
For example the rejection of DCAcAm increased by 15% with an increase in ionic strength from 7 to 70 mM NaCl. With increasing ionic strength the negative charges on the membrane can be increasingly shielded by counter ions in solution. It has been reported that with increasing ionic strength of the solution due to the compression of the electrical double layer the overall charge of RO and NF membranes decreases [60, 61] . The theory of a lower surface charge caused by the higher ionic strength in solution is in accordance with the observed decreased salt rejection of 1.3% and 5.8% for RO and NF, respectively ( Figure SI-14) . The impact of ionic strength may have been too small relative to other parameters to induce significant changes in DBP rejection by RO.
The HAcAms have the capacity to interact with the membrane polymer by H-bonding.
Therefore, the increasing shielding of the membrane surface charge may lead to less HAcAm-membrane interaction. Due to their polarity, HAcAms possess dipole moments ranging from 2.2 to 3.7 Debye. Van der Bruggen et al. [11] suggested that the negative charges of the functional groups on the membrane surface can direct the opposite charge of the dipole of a compound towards the surface and therefore facilitate entry into the pore. The increased rejection with increasing ionic strength may be a result of decreased directing of the HAcAms towards the pore. The highest impact on rejection was seen for DCAcAm with 15%. The effect is reduced for the larger HAcAms, i.e. DIAcAm rejection only increased by 5%. DCAcAm is the smallest and most cylindrical of the HAcAms. Increasing halogen content in the molecule and also the substitution of the smaller chlorine atom with the larger bromine or iodine atom causes the shape of the HAcAms to become longer and more cylindrical (e.g. DCAcAm) and eventually to become a more bulky molecule (e.g TBAcAm).
Modelling DBP rejection
The effort in identifying influential molecular properties (section 3.2) using MLR was expanded to also include operational parameters with the aim of developing a predictive model for small organic solute rejection by RO, while no attempt was carried out for the NF membrane. Operational parameters, such as transmembrane flux, crossflow velocity, temperature, pH, and ionic strength were included resulting in a large comprehensive dataset with a sample size of 500 measurements. There are several advantages with the large dataset; firstly, a calibration and a subsequent validation of the developed MLR model can be performed with confidence and, secondly, an extremely wide range of rejection values, (i.e. 5-100%) is embraced. One half of the data was used to build the model, and the model was then applied to the other half of the data. Rejection data of two THMs, three I-THMs, two HANs, CH, four HAcAms, and 1,1,1-TCP was used for model calibration (n=286) while the remaining DBP data was used for model validation (n=214). 
Conclusions
Multiple linear regression (MLR) could successfully describe DBP rejection by RO and NF.
While geometric parameters were revealed to be good descriptors during NF filtration, properties related to polarity significantly influenced rejection by RO, indicating that steric hindrance is the major removal mechanism for NF but solute-membrane interaction strongly 
